[1] Mounting evidence indicates that the Atlantic Meridional Overturning Circulation (AMOC) was strongly reduced during cold climate episodes in the past, possible due to freshwater influx from glacial melting. It is also expected that the freshwater input to high northern latitudes will increase as human-induced global warming continues, with potential impacts on the AMOC. Here we present results from a 150 years sensitivity experiment with the Bergen Climate Model (BCM) for the present-day climate, but with enhanced runoff from the Arctic region throughout the integration. The AMOC drops by 30% over the first 50 years, followed by a gradual recovery. The simulated response indicates that the present-day AMOC might be robust to the isolated effect of enhanced, high-latitude freshwater forcing on a centennial time scale, and that the western tropical North Atlantic may provide key information about the long-term variability, and by that monitoring, of the AMOC.
Introduction
[2] A common result from present-day climate simulations performed with climate General Circulation Models (GCMs) is that the freshwater flux into the high latitude oceans will increase in response to enhanced greenhouse gas forcing [Räisänen, 2001] . It is still unclear, however, how sensitive the present-day climate GCMs are to a strong increase in the freshwater flux.
[3] To examine the transient response to anomalous freshwater input to the northern high latitude oceans for the present-day climate, a twin experiment with the newly developed BCM (see Sec. 2) has been conducted. The basis for the experiment is a 300 yr control (CTRL) integration with greenhouse gas and aerosol particle concentrations kept at the present-day values . The simulated continental freshwater flux to the Nordic Seas and the Arctic Ocean in CTRL is 0.1 Sv (1 Sv = 10 6 m 3 s
À1
), a value consistent with observational based estimates [Aagaard and Carmack, 1989] . The freshwater (FW) experiment, starting from year 100 of CTRL, is governed by an artificially threefold increase in the freshwater flux to the Nordic Seas and the Arctic Ocean throughout the simulation. For comparison, FW represents a perturbation of the system similar to the simulated increase in the freshwater input poleward of 50°N obtained at a quadrupling of the pre-industrial CO 2 level [Manabe and Stouffer, 1997] . The freshwater flux is also believed to be consistent with the meltwater entering the high northern oceans during the last deglaciation [Simonsen, 1996] . Both comparisons illustrate that the applied freshwater flux is strong. In addition, the increased freshwater flux has been artificially added to the system in contrast to a full climate-change scenario with an internally consistent hydrological cycle, so the performed integration should be viewed as a sensitivity experiment only.
Model Description
[4] BCM consists of the atmosphere General Circulation Model (GCM) ARPEGE/IFS [Déqué et al., 1994] and the ocean GCM MICOM [Bleck et al., 1992] , the latter coupled with a dynamic and thermodynamic sea ice model. ARPEGE/IFS is run in a linear T L 63 grid (horizontal resolution is about 2.8-by-2.8 degrees) with 31 vertical levels, ranging from the surface to 0.01 hPa. The version used in BCM differs from the version in Déqué et al. [1994] by the following features ]: It contains a convective gravity drag parameterisation, a new snow scheme, increased orographic drag and modifications in deep convection and soil vegetation schemes.
[5] MICOM is run with a horizontal Mercator grid mesh with one pole over Siberia and the other over Antarctica, and with a nominal resolution of 2.4-by-2.4 degrees. The horizontal resolution is increased to 0.8 degrees in a band along the Equator to better resolve equatorial-confined dynamics. The model has 24 layers in the vertical, with an uppermost mixed layer with temporal and spatial varying density, and 23 isopycnal layers below with potential densities ranging from 24.12 to 28.10.
[6] To avoid drift from climatological sea surface temperature and salinity fields, the heat and fresh water fluxes are adjusted based on a time-invariant flux-correction derived from the spin-up of the model . The increased freshwater flux in FW has been incorporated by multiplying the fresh water runoff to the Nordic Seas and the Arctic Ocean by a factor four.
Results and Discussion
[7] The maximum AMOC in CTRL shows decadal variations of 1.5 Sv, and a mean value of about 18 Sv (Figure 1a ), which is close to the mean value of 15 other climate GCMs [Lambert and Boer, 2001] . The northward heat transport (relative to 0°C) at 24°N in CTRL is 0.95 PW, a value that is on the low end of observationalbased estimates [Hall and Bryden, 1982] . Furthermore, the simulated poleward transport of Atlantic Water (AW) across the Greenland-Scotland Ridge (GSR) is 8.2 Sv (8.0 Sv based on observations from Hansen and Østerhus [2000] ), and the northeastward transport of Atlantic and coastal waters into the Barents Sea is 2.6 Sv (2.5 Sv; Schauer et al. [2002] and Ingvaldsen et al. [2002] ). In addition, the poleward flow of Pacific Water through the Bering Strait is 1.3 Sv, and the southward flow through the Canadian Archipelago is 1.6 Sv. These diagnostics yield credibility to CTRL and the model system for the presentday climate.
[8] The response to the added freshwater can be split into a freshening phase (Phase 1, hereafter P1, covering year 1 -50) and a recovery phase (P2, subsequent 100 years). The direct responses in P1 are 1) reduced sea surface salinity and temperature over most of the North Atlantic (NA), 2) suppressed variability and reduced winter-time deepwater formation rates in the NA sub-polar gyre (here defined as the Labrador and Irminger Seas) and in the Nordic Seas (Figure 1b) , 3) increased extent of sea ice in the Labrador and Barents Seas, 4) a cooling of more than 1.5°C poleward of 30°N (Figure 2a) , and 5) a tendency for an increased sea level pressure (SLP) difference between Iceland and Spain ( Figure 2c ).
[9] The poleward flow of AW between Greenland and the Faroes is reduced by 1.5 Sv in P1, whereas the poleward flow through the Faroe-Shetland Channel is close to CTRL. The latter response is attributed to the SLP anomaly ( Figure 2c ) in FW [Nilsen et al., 2003] . Furthermore, the flow of water into the Barents Sea drops by 1 Sv. Observations show that the AW entering the Arctic Ocean from the shallow Barents Sea is cold, saline and dense, and therefore intrudes the Arctic Ocean at intermediate depths [Schauer et al., 2002; Mauritzen, 1996] . This is also the case in CTRL, whereas the reduced flow of waters from the Barents Sea to the Arctic Ocean in FW is the main reason for the reduced southward sub-surface flow of 1.5 Sv through the Fram Strait (Figure 1b) . The change in the sub-surface flow through the Fram Strait, together with weaker winter-mixing in the Nordic Seas (Figure 1b ), lead to a reduced overflow of 1.7 Sv across GSR (Figure 1b) . The reduced overflow, combined with less intense wintermixing in the NA sub-polar gyre (Figure 1b) , are the main causes for the $6 Sv drop in AMOC in P1 (Figure 1a) .
[10] With reduced formation of dense water masses in the northern NA, the vertical density stratification in the Atlantic Ocean weaken with time. Theory and open ocean studies [Gargett, 1984] indicate that the strength of the diapycnal mixing can be parameterised as proportional to N Àa , where
is the Brunt-Väisälä frequency (s
À1
) and a is a parameter close to unity (here g (m s
À2
) is gravity, r (kg m
À3
) is density, and z (m) is depth). In BCM, the diapycnal mixing coefficient is given by 3 Â 10 À7 N À1 (m 2 s À1 ), hence the diapycnal mixing increases with decreasing vertical density stratification.
[11] The zonally averaged change in the strength of the diapycnal mixing is provided in Figure 3 . In the first half of P2, here taken as the period between years 71 -90, the diapycnal mixing in FW increases by 5 -10% over a substantial part of the Atlantic Basin. From scaling arguments and numerical simulations [Nilsson and Walin, 2001; Nilsson et al., 2003] , the diapycnal upwelling is proportional to N À1 for a diapycnal mixing coefficient proportional to N
À1
. The AMOC is estimated to increase by about 1 Sv, or 25%, as a result of the 5 -10% increased diapycnal mixing, and by that basin-scale diapycnal upwelling [Nilsson and Walin, 2001] , in FW.
[12] Phase 2 is further governed by a gradual increase in salinity and temperature of the surface and sub-surface waters at low latitudes. For essentially unchanged surface air temperatures, as is the case in FW south of 20°N (Figure 2a) , the residence time of the surface water determines the accumulated effect of the heat and fresh water fluxes. At the end of P1 in FW, the annual mean speed of (Figures 4a -4c) . Increased salinity and temperature are also obtained in the South Atlantic sub-tropical gyre (Figure 4b ).
[13] Gradually, the anomalously warm and saline waters are carried northward with the North Atlantic Drift (NAD) following a more eastward path than in CTRL (Figure 2b) . During the first half of P2, the salt transported by the NAD makes the surface water sufficiently dense to support winter-mixing both in the NA sub-polar gyre and in the Nordic Seas (Figure 1b) . The net inflow to the Nordic Seas increases throughout P2, and is only 0.3 Sv, on average, below CTRL over the last 50 years. The recovery is further characterised by: 1) About 0.5 Sv increase in the transport of AW through the Faroe-Shetland Channel and into the Barents Sea, 2) a weak increase in the southward subsurface flow through the Fram Strait (Figure 1b (Figures 2a and 2b) , and 5) a winter-mixing in the Nordic Seas comparable to or slightly exceeding that of CTRL (Figure 1b) . The net effect of 2) and 5) is an increase in the overflow across GSR in P2 of about 0.8 Sv (Figure 1b) . The mass budget for the Nordic Seas-Arctic Ocean is closed with a reduced inflow of 0.3 Sv through the Bering Strait and a similar increase in the southward flow through the Canadian Archipelago.
[14] During P2, the surface air temperature anomaly poleward of 45°N reduces from À0.3°C to À0.1°C in response to the general increase in the ocean transport of heat (Figure 1a) , possibly in combination with an atmosphere Rossby wave response.
[15] In parallel with the strengthened AMOC, the Guyana Current intensifies, and the formation of warm and saline waters in the South Atlantic and in the western tropical NA gradually diminishes (Figure 4c ). As a result, the ocean transport of salt by the eastward-shifted NAD is not sufficient to counteract the continuous supply of freshwater. This leads to reduced mixing in the NA sub-polar region in the second half of P2 (Figure 1b) , contributing to an ocean state tending to run into a new freshening phase. However, the trend in the overflow across GSR remains positive to year 120 (Figure 1b) , and the overall supply of abyssal waters in P2 leads to a vertical density stratification, and by that a basin-scale diapycnal upwelling, close to CTRL.
Concluding Remarks
[16] The performed twin-experiment illustrates some non-linear and perhaps non-intuitive interactions in the climate system in the Atlantic-Arctic region, including the importance of the local winds on the flow of AW into the Nordic Seas [Nilsen et al., 2003] , the role of the Barents Sea and the deep flow through the Fram Strait as mediators of the GSR overflow [Mauritzen, 1996] , the hitherto untested response of density stratification dependent diapycnal mixing [Gargett, 1984; Nilsson and Walin, 2001; on AMOC in climate GCMs, and the coupling between tropical heat and salt anomalies and high-latitude winter-mixing [Manabe and Stouffer, 1997] . The tropical anomalies in FW are consistent with key observations of oceanic responses during the rapid climate changes of the last deglaciation: That anomalously high surface temperatures in the western tropical NA coincides with intense cooling-and presumably with weakened AMOC-at higher latitudes [Rühlemann et al., 1999] . The model experiment propose an approximately century-scale variability mode in the Atlantic which is linked to the formation and decay of the western tropical anomalies (Figures 4a -4c) , highlighting the importance of this region for detecting largescale changes of the past [Rühlemann et al., 1999] , and the possibility for monitoring of the modern AMOC.
